Hyperextended ocean-continent transition (OCT) zones at passive margins are extremely complex geological provinces. Our conception of such provinces has recently changed, based on combinations of modern high-quality geophysical data, drill-core information and comparative studies of analogue areas onshore (e.g. Boillot et al. 1987; Manatschal 2004; Péron-Pinvidic & Manatschal 2009 ). One of the most novel results of these studies is that large areas of subcontinental mantle may be exhumed to the sea floor in mantle windows controlled by large-scale extensional detachments rather than by breakup-related magmatic processes. For example, one of the largest exhumed mantle peridotites in the world exposed to the sea floor or covered by thin post-rift sediments occurs along the continent-ocean boundary (COB) in the Brazilian passive margin of the South Atlantic (Zalan et al. 2011) . Recently, it has been recognized that processes of hyperextension are not exclusive to magma-poor margins such as Iberia. The magma-rich NE Atlantic margin was affected by hyperextension in the Late Jurassic-Early Cretaceous (Osmundsen & Ebbing 2008; Lundin & Doré 2011) . Conversely, it has been argued that so-called magma-poor margins may host significantly higher magmatic volumes than previously recognized . The studies on passive margins have also stimulated academic research in mountain belts and inspired new concepts for the initiation of subduction and mountain building. These exposures of mantle material are related to extension rather than to magmatic emplacement and magmatic sea-floor spreading processes. The best-developed models for hyperextended passive margins have developed from offshore studies combined with onshore analogues (e.g. Manatschal 2004; Lagabrielle et al. 2010 ). New models have been presented for many Alpine ophiolites and associated sedimentary and tectonic units and have revolutionized palaeogeographical reconstructions even for the most mature study areas such as the western and central Alps, Alpine Corsica or the lherzolite-bearing assemblages of the Pyrenees (Lagabrielle & Bodinier 2008; Lagabrielle et al. 2010; Mohn et al. 2010; Vitale Brovarone et al. 2011) . The main revision within the European Alps is that 'Alpine' peridotites associated with deep-marine basin deposits, which previously were viewed as Tethyan oceanic mantle sequences in dismembered ophiolite complexes, are now interpreted to represent subcontinental mantle rocks, exhumed in the footwalls of major low-angle detachments that formed by hyperextension of the European continental margin. Similar models have, however, not yet been tested for enigmatic peridotitebearing mélanges within older Phanerozoic orogens, such as the Caledonides.
Contrary to sea-floor spreading ophiolites these Alpine peridotites are characterized by the 'Steinmann trinity' association (serpentinite, greenstone and chert) and a paucity of gabbros and basaltic lavas (e.g. Bernoulli & Jenkyns 2009) . They mostly lack the sheeted-dyke complexes that commonly are taken to be the signature of an oceanic spreading-ridge. Unlike sea-floor spreading ophiolites, these peridotites are intimately associated with slivers of highly deformed older crystalline continental crust, and continentally derived siliciclastic sediments, as well as deep-water deposits and in some cases passive-margin carbonates (e.g. Manatschal et al. 2006; Lagabrielle et al. 2010) . Intensely deformed contacts reflect several stages of deformation, superimposed on the original extensional fabrics, leading to juxtaposition on the mantle of rocks that originally had formed at different crustal levels. The reinterpretations of these mélange associations have resulted in revised models for the pre-Alpine Tethyan margins and basins: (1) they are hyperextended continental crust rather than ocean basins formed by sea-floor spreading and (2) their imbrication into the nappe complexes is part of the sequential slicing and stacking of the continental margin involved in the collision rather than the result of an obduction stage.
The mantle-peridotite-bearing mélange unit discussed here is structurally positioned below major nappes of crystalline continental crust of Proterozoic age including the Upper Bergsdalen, Jotun and Lindås nappes in the SW Norwegian Caledonides (Fig. 1) . In previous tectonic models for the Scandinavian Caledonides the significance of the large number of mantle peridotites occurring below these crystalline nappe complexes has been mostly ignored. In this paper we present a new interpretation based on detailed field studies of selected areas combined with a regional study between Bergen and Vågå (Fig. 1) .
Regional geology
The Caledonian mountain belt of Scandinavia and east Greenland was assembled by a major, continent-continent collision comparable in dimensions, dynamics and relative chronology of events with the Himalayan collision (Labrousse et al. 2010) . The collision commenced as the Iapetus Ocean closed by subduction in the Middle Silurian (c. 430 Ma) and the incipient collision is dated by the cessation of subduction-related island-arc magmatism (Torsvik & Cocks 2005; Corfu et al. 2006 ) and obduction of marginal basin ophiolites in the Middle Silurian (Andersen et al. 1990; Furnes et al. 1990) . The convergence and continental collision continued for c. 30 Ma into the early Devonian when the high-and ultrahighpressure rocks of the Western Gneiss Region reached their maximum burial depth at c. 410-400 Ma (e.g. Hacker et al. 2010 ). The collision is commonly referred to as the Scandian Orogeny, but it also affected vast areas in East Greenland and caused shortening far into the overriding Laurentian plate.
The present models for the Scandinavian Caledonides were mostly developed during the IGCP project 27 summarized by Gee & Sturt (1985) . An important result of this project was the compilation of a tectonostratigraphic map described by Roberts & Gee (1985) . This map has since been a template for most regional studies Tectonostratigraphic map of the South Norwegian Caledonides, highlighting the regional distribution of the highly deformed transitional crust mélange assemblages structurally positioned below the large crystalline nappes (Lindås, Upper Bergsdalen, Jotun Nappes) of the Middle Allochthon. It should be noted that this level with solitary mantle peridotites can be traced continuously to the Rørøs area, and along the eastern side of the Western Gneiss Region past Lesja towards Trollheimen. Major units such as nappes assigned to the Gula and the Seve nappes are here labelled suspect, but they most probably belong to the hyperextended distal margin of Baltica. Major post-Caledonian extensional structures are shown in red. The Scandian collision pressure isobars in the Western Gneiss Region are also shown.
and its four-fold division of allochthonous units (Lower, Middle, Upper and Uppermost Allochthons) has been extended to represent terranes of sequential origins (Stephens & Gee 1989) . The Uppermost and Upper Allochthons (except the Seve Units) are considered outboard and believed to represent the overriding Laurentian plate (Uppermost Allochthon) and outboard oceanic terranes (Upper Allochthon), respectively (e.g. Roberts et al. 2002) . Palaeomagnetic, palaeontological and geological studies show that major plate rotation and convergence accompanied by magmatic and collision events took place within wide (several thousand kilometre) oceanic domains (AEgir Sea and Iapetus Ocean) throughout the Ordovician and early Silurian, prior to the Scandian orogeny (Torsvik & Cocks 2005) . The Upper and Uppermost Allochthons are of undisputed non-Baltican origin, whereas the regionally extensive Middle and Lower Allochthons originally were assigned to Baltica. This latter interpretation has recently been challenged by several detailed studies from northernmost Norway Kirkland et al. 2008a,b) . These studies suggest that an exotic, non-Baltican origin of the continental basement-cover nappes of the Kalak Nappe complex cannot be excluded. Further to the south in the central Caledonides (between c. 64 and 69°N), large dyke-swarms, intrusions and associated volcanic rocks in the continental Seve Nappes lithologies have been interpreted to represent a volcanic passive margin formed in the latest Proterozoic and dated at 608 Ma (Andreasson 1994; Andreasson et al. 1998; Svenningsen 2001) . In some of these units there are also minor volcanic rocks and gabbro, local occurrences of serpentinite conglomerates and peridotites with black-rock alteration zones at the border between the continental and oceanic terranes of the Seve-Køli units. Studies of these rocks demonstrate that the ultramafic mantle rocks and siliciclastic sediments were intimately associated throughout the Caledonian orogenic cycle (Qvale & Stigh 1985; van Roermund 1985; Bucher et al. 2005) .
The complex tectonic evolution and assembly of the Middle to Upper Allochthon continental margin rocks is witnessed by at least two stages of eclogite-facies metamorphism, at 482 ± 1 and 446 ± 1 Ma respectively (e.g. Root & Corfu 2011) . These parts of the mountain belt, which host the evidence of pre-Scandian, Early to Middle Ordovician deformation and metamorphic events, are normally considered endemic Baltican terranes (Andreasson et al. 1998) . Given the new interpretations introduced for equivalent units of Finnmark and Troms (see above), their origin should be viewed with considerable caution, as it follows from the recent studies that major revisions in interpretations of the Seve-Kalak terranes in northernmost Scandinavia and their continuation toward southern Scandinavia are required .
In southern Scandinavia the Middle Allochthon is dominated by very large crystalline nappe complexes of Proterozoic age. These include the Dalsfjord, Lindås, Jotun, Bergsdalen and HardangerRyfylke nappe complexes (Fig. 1) . Most of these have a cover of metasedimentary rocks dominated by quartzite, arkosic sandstone and schists. Geochronological studies of both the crystalline allochthonous basement units and their cover sequences suggest an affinity to the autochthonous basement of southern Baltica and hence an origin on its Caledonian margin before collision (Corfu & Andersen 2002; Lundmark et al. 2007; Glodny et al. 2008; Bingen et al. 2011) . This simple relationship is, however, challenged by the regional occurrence of a relatively thin, but continuous mélange zone containing numerous lenses of peridotite and minor mafic meta-igneous rocks, which is located structurally below these crystalline nappe complexes along their western boundary adjacent to the Bergen Arcs and the Western Gneiss Region (Fig. 1) . The mélange has largely been ignored in the compilation of the tectonostratigraphic map (see above) or believed to represent ophiolitic rocks belonging to the Upper Allochthon. This enigmatic mélange unit occurs structurally above the Western Gneiss Region and the discontinuous thin black schist-phyllite, micaschist and quartzite with local pockets of preserved basal conglomerates, which represent the original cover to the autochthonous gneisses below the Caledonian floor thrust. The mélange with solitary mantle peridotites can be identified almost continuously along a distance of more than c. 400 km from the Bergen Arcs northeastwards across South Norway. In the present study, this unit has been traced as far as Lom (Fig. 1) , but a simple map correlation suggests that it continues further towards the Røros area as well as the western side of the Trondheim region north of Lesja (Fig. 1) . These rocks have received very little attention in tectonic reconstructions of the Caledonides, in spite of their long economic history with talc and soapstone quarries.
The mélange

Ultramafic rocks
The most conspicuous rocks within the regionally extensive mélange are the metaperidotites, now mostly present as serpentinite, soapstone and talc-schist, which occur in very large numbers between the Bergen Arcs and the northeastern part of the study area in central South Norway and beyond ( Fig. 1 ). In this study we have examined the structural setting and association of the solitary ultramafic rocks in the Samnanger-Osterøy area of the Major Bergen Arc (Fig. 2 ), in Stølsheimen ( Fig. 3 ) and along the eastern border between the Jotun Nappe and the Western Gneiss Region between Sogn and Lom ( Fig. 1) .
The majority of the ultramafic bodies are low-Al, high-Mg mantle peridotites, but more evolved varieties are also locally present (Qvale & Stigh 1985) . Some of the best-preserved larger lenses still contain primary minerals and may attain dimensions of up to 2 km, but more commonly they occur as serpentinite lenses less than 100 m in size (Figs 3 and 4a, b) . Hydration and metasomatic alteration zones are ubiquitous and many are completely serpentinized or talcified. Serpentine and soapstone veins are very common ( Fig. 4f ) and locally quartz-carbonate rocks (listwanite) and ophicalcite alterations are present. Some bodies have been mined to exhaustion for talc and soapstone such as the talc mines at Framfjord (Fig. 3 ) and the soapstone quarries in the Bergen Arcs (Fig. 2 ). Alteration to serpentinite and talc-carbonate-spinel rocks is very common; such rock types contain breunnerite, magnesite, chlorite, chromite and magnetite (see NGU mineral database, occurrence 1417-301, Rauberget). Black-wall alteration zones are common ( Fig. 4e ), but detailed descriptions of these are mostly lacking except from one that was described in detail from the Seve complex north of our study area, the ultramafic rocks at Baldersheim (Fig. 2 ) and the rodingite alteration present in the Major Bergen Arc (Bøe 1985; Qvale & Stigh 1985; Bucher et al. 2005) .
Isolated detrital serpentinites ( Fig. 4c ) occur in several localities as both conglomerate and sandstone (Heldal & Jansen 2000 ; see also descriptions by Qvale & Stigh 1985) . More common are lenses containing blocky to rounded serpentinite breccias that partly also may have a sedimentary origin (Fig. 4d) . The intense Caledonian deformation and later syn-to post-orogenic extension have, however, largely obliterated primary structures. The most spectacular occurrence of detrital serpentinite, described by Sturt & Ramsay (1999) , occurs near Otta (Fig. 1) , where a Middle Ordovician fauna (Llanvirn) occurs in serpentinite conglomerates overlying ultramafic rocks assigned to the Vågåmo ophiolite. Those workers suggested that the serpentine conglomerate represents a major unconformable sequence deposited on Faerseth et al. (1977) . It should be noted that the mélange unit is situated structurally above the Lower Bergsdalen and Kvalsida Gneiss Nappes, but below the Upper Bergsdalen and Lindås nappes as well as the ophiolite-island-arc units of the Upper Allochthon. Also noteworthy are the numerous solitary mantle peridotite bodies in the Samnanger area, and their intimate association with sheets of gneisses and quartz-rich sediments. Detrital serpentinites are found at Baldersheim, shown in (a), and on the south shore of Trengereidfjorden at locality D, shown in (b).
the Vågåmo ophiolite after obduction onto Baltica. In view of the tectonostratigraphic position of these rocks, which is comparable with that of other ultramafic rocks discussed here, previous interpretations should probably be reconsidered. As pointed out by Qvale & Stigh (1985) and their obvious map signature, many of the peridotites including the detrital serpentinites are 'solitary ultramafites, where an ophiolite association is not easily recognized'. Lenses of metagabbro and metavolcanic rocks can be observed in many of the localities, but the traditional ophiolite pseudostratigraphy and in particular sheeted-dyke complexes are not present in these units.
Metasedimentary matrix
The metaperidotites are set in a matrix dominated by metasedimentary rocks, now graphitic schists, phyllites and garnet micaschists recrystallized during the Caledonian greenschist-to lower amphibolite-facies metamorphism. Metasomatic alteration is common and tremolite-to actinolite-bearing schists are intercalated with quartzschists and originally pebbly sandstones in some localities. Similar intimate associations of metaperidotites engulfed in metasediments have been described from widely separated localities such as the Major Bergen Arc (Faerseth et al. 1977; Ingdahl 1985) , in Stølsheimen and Sogn, as well as near Lom (Fig. 1) . Metamorphism related to the Scandian orogeny attained low amphibolite-facies conditions at the level of the floor thrust along the eastern margin of the Western Gneiss Region in central South Norway (500 °C, 0.6-0.8 GPa; work in progress). Although now dominated by micaschist and phyllite, the original sediments of the matrix had a composition and grain-size variation from originally very finegrained graphitic shale and cherty horizons to calcareous sandstone and marls with local limestone, to coarse sandstone and quartzite horizons with local conglomerates (see also www.ngu.no, geological map database). Matrix-supported, debris-flow-like conglomerate horizons are also locally present. In Stølsheimen (Figs 3 and 5), a conglomerate contains a variety of pebbles including fine-grained basement-derived granite, quartzite and vein quartz suggesting a dominantly continental provenance (see below). The transition zone from a peridotite into the sedimentary matrix is shown in Figure 4e . The ultramafic green-coloured schists occur in close proximity with conglomerate containing quartzite and granite pebbles (Fig. 5a) , and grade into micaschists with scattered mafic lenses across few metres.
Continental basement and sediments in the mélange
In the western part of the study area, the ultramafic mélange is stacked together with sheets of felsic crystalline gneisses commonly referred to as the Bergsdalen nappes (e.g. Fossen 1993 ). In the Stølsheimen area and southwards towards the Bergen Arcs (Figs 2a and 3) , basement of granitic gneiss, metasandstones and schists constitute the Upper Bergsdalen nappe (Fossen 1993) . In the Rauberget area, this highly attenuated basement-cover pair immediately overlies the best-developed ultramafic mélange, which in turn is overlain by the Jotun and Lindås nappes (see Figs 2 and 3, and for further details, Fossen (1993) ). The contact of the mélange with mantle peridotite and the overlying continental rocks is a tectonic contact, which preserves evidence of Scandian thrusting and the secondary post-collisional extension. Internally, however, some sheets of the Proterozoic ortho-and paragneisses are less deformed with granitic dykes cutting Proterozoic metasediments (Fossen 1993) . This allochthonous basement contains Neoproterozoic granites (the youngest Rb/Sr whole-rock age of granite is 953 ± 16 Ma (Grey 1978) ) cutting both the metavolcanic and sedimentary units as described by Fossen (1993) . The structure is dominated by the Scandian thrust-fabric (top-to-the-SE) overprinted by a co-metamorphic to retrograde top-to-the-NW shear fabric formed during the regional orogenic extensional collapse of the Caledonides (Andersen 1998; Fossen 2010) .
The mélange unit and the continental crust rocks were most likely juxtaposed prior to thrusting because both generations of thrust and extensional Caledonian fabrics are developed in the mantle-derived peridotites, their sedimentary matrix as well as in the continental basement-cover rocks. In spite of careful examination near the best-preserved peridotites at Raudberget in Stølsheimen (Figs 3 and 4) , pre-thrusting structural relationships have not yet been observed and their exact stratigraphic and structural relationships prior to the Caledonian thrusting have not been determined. It is, however, obvious that the mélange with mantle peridotites constitute the substrate to both the highly attenuated Upper Bergsdalen nappe and the Jotun nappe (Fig. 3) .
The most systematic mapping of the mélange has been carried out in the Major Bergen Arc (Faerseth et al. 1977; Qvale 1978; Henriksen 1981; Bøe 1985; Ingdahl 1985) . This mapping demonstrates the intimate association of a large number of serpentinite and peridotite lenses with amphibolite, graphitic schists, hornblende-garben-schist, garnet-micaschists, quartz-rich metasandstone, quartzite conglomerates and several sheets of felsic gneisses. The researchers listed above regarded the Samnanger complex of the Major Bergen Arc to represent a tectonic mélange structurally positioned below the Gulfjellet ophiolite complex (Fig. 2b) . The mélange was primarily considered to represent a tectonic mélange deformed, imbricated and assembled during several stages of Caledonian deformation (Faerseth et al. 1977; Thon 1985) . The intimate mixing of mantle-derived rocks with continental gneisses and sediments is, however, not easily explained by deformation during the Scandian continental collision, and we suggest that juxtaposition of these rocks, particularly the Proterozoic basement and the solitary mantle peridotites, is inherited from pre-Caledonian extension. Fig. 4. (a) View towards the SE of a major solitary mantle peridotite near Rauberget (Fig. 3) in Stølsheimen. The regional SEdipping foliation, placing the peridotite below the Upper Bergsdalen nappe seen in the hillside behind the peridotite, should be noted. (b) View towards the NE of a c. 100 m thick solitary mantle peridotite at Bøverdalen near Lom (see Fig. 1 for  location) . The steep SE-dipping regional foliation, clearly showing that the mélange unit occurs structurally above the Western Gneiss Region (left) and below the Jotun Nappe (right), should be noted. (c) Example of a little deformed fluviatile serpentinite conglomerate and sandstone from a quarry at Trengereidfjord marked D in Figure 2b . The detrital serpentinites with pebbles up to 15 cm long quarried from the now exhausted locality were used as decorative stone and building material in Bergen and elsewhere. Photograph provided by Ø. J. Jansen (see also Heldal & Jansen 2000, pp. 80 and 168) . 
U-Pb geochronology from the mélange conglomerate
Near Rauberget in Stølsheimen (Fig. 3) the contact relationships between 'talcified' ultramafic rocks ( Fig. 4a and f) and the blackwall alteration zone in the sedimentary matrix is well exposed (Fig. 4e) . Foliated black-wall alteration schists with abundant quartz veins are interlayered with pebbly quartzite and a matrixsupported conglomerate dominated by quartz and quartzite pebbles (Fig. 5a ). The conglomerate also contains pebbles of a leucogranite, which may be up to 15 cm in size (Fig. 5b) . One part of a pebble was crushed, pulverized and subjected to mineral separation following standard methods. The handpicked minerals were processed by isotope dilution thermal ionization mass spectrometry (Krogh 1973) as described in more detail by Corfu (2004) . Besides rounded zircons, probably from the rind of the pebble and of detrital origin, there is a subpopulation of sharp euhedral short prisms (inset in Fig. 5c ). A selection of these crystals was abraded and two of them were analysed. The data ( Table 1 , Fig. 5c ) plot on or close to the concordia curve, and a line anchored at 420 ± 20 Ma, the approximate time of metamorphism, has an intercept age of 1033 ± 21 Ma, which dates the original crystallization of the rock. Dark rutile is nearly concordant and can be projected (anchoring the lower intercept at 420 ± 20 Ma) to an upper intercept age of 958 ± 35 Ma. In contrast, the red rutile is much younger, and is presumably on its way to full resetting owing to its reaction to titanite. It is also observed as inclusions in the latter (inset in Fig. 5c ). The titanite analyses yield concordant data and give an age of 410 ± 3 Ma for the Scandian metamorphic event. The Proterozoic ages agree well with previously published Rb/Sr whole-rock ages from the Upper Bergsdalen nappe in the same area (Grey 1978) . U/Pb dating of titanite from the same pebble is concordant and documents the Caledonian regional metamorphic overprint at 410.4 ± 3.1 Ma, which is similar to other Scandian metamorphic ages from the nappes in western Norway (e.g. Fossen & Dunlap 1998; Glodny et al. 2008) .
Discussion
Previous descriptions of Neoproterozoic basins in the Scandinavian
Caledonides have documented that the Caledonian margin of Baltica constituted a wide (up to 600 km) extended margin facing the outboard oceanic domains (e.g. Nystuen et al. 2008) . The mélange discussed here has, however, not been included in the previous models. The mélange with its numerous lenses of variably altered mantle peridotite constitutes an enigmatic unit that can be identified at the same structural level continuously through most of southern Norway and beyond into the central Scandinavian Caledonides. The mélange is allochthonous, situated structurally above the Caledonian floor thrust and above basement-cover units assigned to the Lower Allochthon, but below major nappe complexes such as the Jotun, Upper Bergsdalen and Lindås nappes (e.g. Roberts & Gee 1985; Wennberg et al. 1998) . The mélange thus (Fig. 4a and e) . (b) The conglomerate at Stølsheimen, with well-rounded pebbles of fine-grained granite. The dated pebble is shown above the car key, together with another white granitoid pebble to the right of the key. (c) Concordia U/Pb plots of zircon, rutile and titanite from the conglomerate pebble shown in (b). The image insets show dated zircons, titanite and rutile. Details of the U-Pb data are given in Table 1. occupies a position between the Middle and Lower Allochthons: it is sandwiched between major continental nappe complexes and their associated cover sequences (Figs 1 and 3 ). This enigmatic structural position was pointed out by Andersen et al. (1991, fig. 2 ), who suggested that the mélange represented a 'suture-1' structurally below the main 'suture-2' represented by the ophiolite and island-arc complexes of the Upper Allochthon. The basementcover nappes of the Lower and Middle Allochthons are commonly interpreted to have originated from the Caledonian margin of Baltica because their Proterozoic history is similar to that of the autochthonous basement of southern Scandinavia (Lundmark et al. 2007 ; see also Corfu & Andersen 2002; Glodny et al. 2002) . A simple map examination reveals that the mélange with its abundant mantle peridotite lenses continues across southern Norway directly into the Gula, Seve and equivalent 'suspect' nappe complexes in the Røros area (Fig. 1) . It is obvious that the Seve, Gula and lower parts of the Køli nappes containing abundant mantle peridotites, which commonly are of detrital origin (Stigh 1979) , need a new interpretation. A revised interpretation of these units will also have major influence on our understanding of the continental crystalline rocks of the Lower, Middle and Upper Allochthons and therefore also of the original architecture of the pre-Caledonian margin of Baltica Kirkland et al. 2008b) . Even if no specific structures can be assigned with confidence to the original pre-Caledonian formation of the basin in which the continental mantle peridotites were exhumed and the sediments of the mélange accumulated, the hypothesis of a hyperextended margin origin is supported by direct and indirect evidence.
First, sedimentary structures are preserved in some detrital serpentinites associated with larger lenses of altered peridotites (see also Qvale & Stigh 1985) . Mantle peridotites must have been exhumed to the surface to provide clastic material to the basin. Their unroofing and erosion is therefore pre-tectonic with respect to Caledonian deformation and metamorphism. The best analogues for this type of deposits are probably the detrital and auto-brecciated serpentinites (S-type lherzolites) around major lherzolites, which were described in some detail from the partly well-preserved basins in the north Pyrenean zone by Lagabrielle et al. (2010) . Those workers interpreted the mixed deposits to have formed by major synextensional olistostromes in the Middle Cretaceous prior to the early Eocene Pyrenean orogeny. Detrital serpentinites may also have formed around protrusions, giving rise to erosion and sedimentation of fluvial to marine clastic serpentinites such as those forming at present in the extended margin of the Red Sea (e.g. Bonatti et al. 1981; Marshak et al. 1992) . The solitary peridotites discussed here underwent serpentinization before they were eroded, and the detrital serpentinites formed as part of the preCaledonian basin-forming (rifting) processes.
Second, the widespread alteration, which includes serpentinization, talcification and formation of ophicalcite, is a hallmark of the peridotites that were originally exhumed by hyperextension in passive continental margins (Bernoulli & Jenkyns 2009) . Even if all the contacts between the various lithologies in the example discussed here were overprinted by deformation during the Scandian collision, here dated at 410 ± 3 Ma, as well as the late to postorogenic extension, the lithological association and transitions from serpentinites to mafic micaschists are difficult to explain by a late-stage tectonic mixing of originally distinct peridotites separated from the sedimentary rocks. This was also pointed out by Qvale and Stigh (1985) , who noted that the solitary Alpine-type peridotites had a more complex structure and geochemistry and were more 'polymetamorphic' than those associated with the typical ophiolites of the Upper Allochthon. The formation of the lithological association of the mélange is clearly pre-metamorphic with Weight and concentrations are known to better than 10%, except for those near and below the c. 1 µg limit of resolution of the balance. Pbc, total common Pb in sample (initial + blank).
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Raw data corrected for fractionation. 6 Corrected for fractionation, spike, blank and initial common Pb; error calculated by propagating the main sources of uncertainty.
at Universitetet i Oslo on September 3, 2012 http://jgs.lyellcollection.org/ Downloaded from respect to the Caledonian orogeny and must therefore relate to an early stage in the evolution of the Caledonian Wilson cycle. Third, it is not possible to explain the emplacement of the mélange peridotites by magmatic intrusion and crystallization, because there is no evidence to suggest intrusive relationships between high-T ultramafic magmas and the sediments. There is no contact metamorphism and common black-wall alteration zones are related to metasomatism, not contact metamorphism by heat diffusion from a crystallizing ultramafic magma (e.g. Bucher et al. 2005) . Minor gabbros and metabasalts mapped in several areas of the mélange may, however, be related to magmatism and extension similar to those documented from other ocean-continent transition zones . The emplacement of mantle peridotites within the mélange must therefore be caused by other mechanisms than magma emplacement, the only likely alternative being structural emplacement. We suggest that this most probably was related to large-scale unroofing of extensional detachment footwall(s), perhaps in combination with serpentinite protrusion where widespread hydration of an exhuming mantle lithosphere took place. Zones of exhumed mantle documented from presentday OCT zones, such as that offshore Iberia, are complex assemblages of faulted serpentinized mantle, rafted extensional allochthons of continental crust and sedimentary rocks derived from both crustal protoliths and from exhumed mantle rocks (e.g. Manatschal 2004; Péron-Pinvidic & Manatschal 2009 ). We propose that the mélange unit described in this paper represents an obducted part of a pre-Caledonian OCT with exhumed mantle.
The sedimentary matrix of the mélange has no preserved fossils except those found in the monomict serpentinite conglomerate east of Vågå (Fig. 1) . The unusual 'Celtic fauna' with mixed provinciality of island origin was described by Bruton & Harper (1981) , who suggested that the 'serpentinite island' was separated by a considerable distance from Baltica and other continents in the early Middle Ordovician (Llanvirn, . Other clastic serpentinites such as those in the Bergen-Hardanger area (Qvale 1978; Heldal & Jansen 2000) were probably also formed by erosion and sedimentation in and near island environments (serpentinite protrusions?), but are devoid of fossils.
Within the major Bergen Arc, fossiliferous rocks of late Ordovician age (448-443 Ma, Ashgill) unconformably overlie the mélange (Sturt & Thon 1976; Faerseth et al. 1977) . It is obvious that the mélange as well as the associated basement lenses have evidence of a pre-Scandian tectonic history, which at present is poorly understood (see below).
The dominant graphitic micaschists and phyllites are commonly interlayered or foliated with coarser-grained (synrift?) conglomerates and sandstones. These clearly have provenance from continental crust, and the dated pebble from the conglomerate at Stølsheimen is one example. It suggests that the provenance of the mélange matrix was in a Proterozoic basement of similar age to the Lower and Middle Allochthons as well as the autochthonous basement of Baltica (see above). As shown above, the mélange occupies a position between the Lower and Middle Allochthons as originally defined by Roberts & Gee (1985) . By comparison with equivalent Alpine complexes and present-day hyperextended margins, juxtaposition of thin slices of continental basement, synrift to post-rift sediment infill and hydrated mantle lithosphere commonly takes place in passive margins (Manatschal 2004; Péron-Pinvidic & Manatschal 2010; Unternehr et al. 2010) .
Polyphase deformation and metamorphism in the mélange
Internally the mélange was intensely deformed during the Scandian orogeny, which at the present erosion level typically is characterized by upper greenschist-to amphibolite-facies metamorphism, here dated at 410 ± 3 Ma. The main fabric development in these rocks took place during the Scandian collision, accompanied by largescale thrusting of nappes and deep burial of Baltica as witnessed by the high-to ultra-high pressure metamorphism (Fig. 1) developed in the basement of Baltica (e.g. Andersen et al. 1991; Fossen 1993) . There are, however, also records of pre-Scandian deformation and metamorphism affecting the mélange in the study area and locally fabrics related to pre-Scandian events are preserved in the Major Bergen Arc (Sturt & Thon 1976; Faerseth et al. 1977; Henriksen 1981) . This is also the case with the continental basement of the Dalsfjord Suite (c. 1640 Ma) covered by the sandstone-dominated Høyvik Group in Sunnfjord (Fig. 1) , which experienced a preScandian event at c. 450 Ma Corfu & Andersen 2002) . Similar rocks in the Seve nappe c. 1000-1500 km to the NE also have evidence of early and middle Ordovician metamorphic events, which in parts reached eclogite-facies conditions (e.g. Root & Corfu 2011) . Recently, eclogites most probably associated with the allochthonous Hardanger-Ryfylke Nappe Complex near Stavanger (Fig. 1) have been dated at c. 470 Ma (Smit et al. 2011) . It is clear that these Middle Allochthon rocks, traditionally interpreted to have originated along the Caledonian margin of Baltica, experienced variably intense deformation and metamorphism prior to their emplacement onto Baltica during the Scandian collision. The early and middle Ordovician events post-date the formation of a hyperextended margin, and took place when these rocks had achieved their maximum separation by hyperextension and were partly outboard of Baltica. The exact nature of the pre-Scandian deformation and metamorphism is at present not understood, and the interpretation of the mélange unit has been significantly complicated as a result of these early Caledonian events.
Post-collision fabrics are also common, and in some areas constitute the dominant structure, particularly adjacent to major nappe boundaries (Andersen 1998; Fossen 2010) . Both the Scandian collision and later extensional events were accompanied by regional amphibolite-to greenschist-facies metamorphism (Fossen 1993; Osmundsen & Andersen 1994) . Therefore, there is no preserved record of pre-Caledonian extensional structures that can be assigned to the original rifting and formation of the deep basin(s) in which the mélange sediments accumulated and where the mantle peridotites were emplaced. Exceptions to this are the very local but wellpreserved sedimentary structures observed within some detrital serpentinites. Otherwise, all main contacts are overprinted by the strong Scandian thrust fabrics and by the co-facial to retrograde post-orogenic deformation.
The rock association including mantle peridotites, which in parts were exposed to erosion, and the fine-grained graphitic schists and micaschists interlayered with coarser-grained metasandstones and conglomerates point to a very complex depositional environment in a basin, which at times was subjected to catastrophic deposition of coarser-grained material either from adjacent continental areas, from a severely faulted 'necking zone' or from extensional allochthons in the distal margin. Formation of the basin(s) was probably also accompanied by minor magmatic activity as evidenced by minor gabbros and metabasalt horizons. It is, however, not possible to explain the solitary peridotites by magmatic intrusion and crystallization, because there is no evidence to suggest intrusive relationships between ultramafic magmas and the sediments. There is no contact metamorphism other than the hydrothermal black-wall alteration related to fluid-rock interaction. Minor gabbros and metabasalts may, however, be related to magmatism and extension similar to those described from highly extended ocean-continent transition zones .
The internal architecture of the Lower and Middle Allochthons, as well as the Seve nappes, changes considerably along strike in the Scandinavian Caledonides. In particular, the Lower Allochthon is a much larger tectonic unit in the central parts of the orogen than in the SW, whereas the crystalline nappes in the Middle Allochthon (Hardanger-Ryfylke, Bergsdalen and Lindås-Jotun nappe complexes) are reduced to mostly thin slivers of basement in the NE. Similarly, equivalents of the Seve nappes are less important in the SW than in the NE (see the tectonostratigraphic map of Roberts & Gee 1985) . Already from these lateral variations it is clear that the Caledonian margin of Baltica originally must have had a very complex structure prior to the Scandian collision. By comparison with present-day passive margins (Fig. 6) , such as the North Atlantic including the Norwegian Sea, this is not at all a surprising observation.
Conclusion
The regionally distributed mélange unit discussed in this paper has not been adequately incorporated in geotectonic reconstructions that are based on the traditional interpretation of tectonostratigraphic units in the Scandinavian Caledonides. Because of the polyphase deformation and metamorphic overprint in the mélange, attempts to explain its geodynamic significance will probably always be controversial. The association of solitary mantle peridotite with continentally derived deep-basin sediments and slivers of Proterozoic basement is, however, a characteristic feature that can be easily explained by comparison with Cenozoic mountain belts such as the Alps and the Pyrenees, and with the geometry and lithological association of present-day hyperextended continental margins.
The rock association of solitary mantle peridotites and detrital ultramafic rocks mostly without or with very limited volumes of associated gabbros and basalts and all intimately associated with a variety of siliciclastic-and carbonate-rich sediments points to formation in deep basin(s) formed by large-magnitude extension rather than in a magma-dominated spreading-ridge environment. Thin sheets of highly attenuated continental crystalline basement and associated metasediments structurally overlie the mantle-peridotite-bearing mélange. These may represent original extensional allochthons juxtaposed on continental mantle lithosphere by largemagnitude extensional detachments similar to those interpreted from the seismic structure in present-day continental margins (e.g. Unternehr et al. 2010) and partly preserved in exposed sections in the Alps (e.g. Manatschal 2004 ). We therefore suggest that the regional mélange unit found between the Lower and Middle Allochthons in the SW Scandinavian Caledonides is best explained as representing the vestiges of a hyperextended pre-Caledonian continental margin of Baltica (Fig. 6) . Primary extensional fabrics between the mantle rocks, the continental crust and the deep basin sediments were destroyed by subsequent Caledonian events. The association of rocks in the mélange is very similar to those described from the Alps in a series of papers by Manatschal and co-workers (e.g. Manatschal 2004; Manatschal et al. 2006) and from the Pyrenees . The presence of such a highly extended continental margin below large crystalline nappes of southern Norway, including the Lindås and Jotun nappes, implies that these were separated from Baltica by wide and deep rift basins that included zones of exhumed continental mantle, and possibly also true oceanic basins, at the early stages of the Caledonian Wilson cycle. If this interpretation is correct the Lindås, Upper Bergsdalen and Jotun Nappe complexes can therefore be considered as ancient 'continental ribbons' or outboard 'microcontinents' (Fig. 6 ) with equivalent status to the Brianconnais zone of the Alps or even the Jan Mayen microcontinent of the Norwegian-Greenland sea. The pre-Caledonian margin of Baltica must therefore have had a much more complicated structure than the traditional simple passive margin as envisaged from previous reconstructions based on the interpretation of basement-cover systems of the Lower and Middle Allochthons. The shortening of the Caledonian margin of Baltica during the Scandian collision has consequently also been grossly underestimated, as the transitional ocean-continent domain now represented by the mélange below the major crystalline continental nappes has been largely ignored in previous reconstructions.
A detailed reconstruction that precisely explains the formation of the mélange by primary stratigraphic or structural relationships is not yet possible. Any advance in our understanding of the oceancontinent transition of the pre-Caledonian margin of Baltica, however, requires an adequate explanation of this hitherto unexplained association of rocks, which constitutes a continuous unit extending for several hundred kilometres in southern Norway and probably beyond in the Scandinavian Caledonides.
We conclude that the mélange unit described here, which contains abundant lenses of mantle peridotite and is associated with the Lower and Middle Allochthons of the Scandinavian Caledonides, represents the vestiges of a hyperextended pre-Caledonian passive continental margin. The key to understanding its complexity is to be found by new detailed studies and by comparisons with similar complexes from other orogenic belts, most notably the European Alpine systems, and from present-day continental margins.
